Using the Position and Proper Motion Extended-L (PPMXL) catalogue, we have used optical and near-infrared colour cuts together with a reduced proper motion cut to find bright M dwarfs for future exoplanet transit studies. PPMXL's low proper motion uncertainties allow us to probe down to smaller proper motions than previous similar studies. We have combined unique objects found with this method to that of previous work to produce 8479 K < 9 M dwarfs. Low resolution spectroscopy was obtained of a sample of the objects found using this selection method to gain statistics on their spectral type and physical properties. Results show a spectral type range of K7-M4V. This catalogue is the most complete collection of K < 9 M dwarfs currently available and is made available here.
INTRODUCTION
Identification of M dwarfs in large surveys has been difficult even though they are the most numerous type of stars in the Galaxy. This is due to their colours and low luminosities often causing them to be confused with reddened stars or distant red giants. M dwarfs have become of particular interest in recent years for their applications to exoplanet research. Their low masses and small radii lead to greater sensitivity to discovery of orbiting low mass planets via the radial velocity and transit techniques. Furthermore, due to an M dwarf's low luminosity, planets lying in the habitable zone around M dwarfs have short orbital periods as well as relatively favourable contrast ratios between the planet and the host star. New space facilities like the James Web Space Telescope (Clampin 2010 ) (JWST) and the proposed Exoplanet Characterization Observatory offer the potential to study exoplanet atmospheres for super Earths transiting M dwarfs but currently M dwarf transit detections are very rare. 5 M dwarfs are currently known to host transiting planets: GJ1214b, GJ3470, GJ436, . With the exception of the two Kepler systems (Johnson et al. 2012 ; Muirhead et al. 2012) , the host stars are all bright in the near-infrared (K=6.1-8.8) and the systems are thus good targets for characterisation. Two of these were discovered using the radial velocity (RV) method (GJ436b and GJ3470b; Gillon et al. (2007) ; Bonfils et al. (2012)) and have masses similar to Neptune (15-20M⊕), while GJ1214b was discovered by the Mearth survey using the transit method (Charbonneau et al. 2009 ) and has a mass of 5.9M⊕. GJ1214b is currently the only known system with a Super-Earth transiting a bright M dwarf. The first step towards expanding this number is to identify all potential bright M dwarf host stars in the sky for future transit search campaigns.
Other recent studies in this area (overlapping with this work) include the catalogue of Lépine & Gaidos (2011; LG11) . This sample was created from the LSPM catalogue (Lépine & Shara 2005) and supplemented with Tycho-2 (Høg et al. 2000) objects but is limited at low proper motions due to the SUPERBLINK proper motion limit of 40 milli arcseconds (mas) per year. Our efforts attempt to optimize the search at the low proper motion extreme and thus expand on the existing sample. We have chosen to use the Position and Proper Motion Extended-L (PPMXL) (Roeser, Demleitner & Schilbach 2010) as the starting point for a selection process that utilizes a multi-band colour selection and a reduced proper motion cut to isolate bright M dwarfs down to the lowest practical proper motion limits.
SAMPLE SELECTION

The PPMXL Catalogue
The PPMXL catalogue represents a combination of the USNO-B1.0 (Monet et al. 2003) and 2MASS (Skrutskie et al. 2006) catalogues mapped onto the International Celestial Reference Frame (ICRF) (Ma et al. 1998 ). The ICRF is based on distant extragalactic radio sources observed by the Very Large Baseline Array as its reference points which allows proper motions to be described in a quasi-absolute manner as opposed to relative. Until the PPMXL catalogue was developed, only relative proper motions were available for the USNO-B1.0 objects and 2MASS did not have any proper motion information. PPMXL now provides low uncertainties for both the proper motion and position for many of the objects within the 2 catalogues. Typical uncertainties for proper motions are 4-10 mas/yr. The near-infrared (NIR) JHK magnitudes from 2MASS and the optical BVRI magnitudes from USNO-B1.0 also provides very useful colour information about the objects and is used during the sample selection process. At low proper motions, it is important to minimize measurement uncertainties so absolute proper motions will lead to less contamination as the astrometry becomes more noisy.
Magnitude Limit
A principal aim of this work is to target a stellar sample around which potential exoplanet atmospheres could be studied in the future. It was therefore appropriate to limit the selection to sufficiently bright targets that provide enough signal to probe the molecules of interest in exoplanet atmospheres. Even with bright host stars and favourable contrast ratios between the exoplanet and star, several observations of the transiting planet through both primary and secondary transits have to be co-added together to produce observations of any accuracy. Because of this, integration time can be equated to the number of transits necessary to achieve the needed signal to noise. Simulations were conducted by Tessenyi & Tinetti (2012) to estimate the number of transits needed for a range of exoplanet sizes and host star brightnesses. They have shown that for a space-based multichannel spectrograph with a modest sized primary (1.2m) to achieve the signal to noise necessary to identify molecules in a transiting super earth in the habitable zone, the number of transits needed around M dwarfs with a magnitude of K > 9 becomes unrealistic when planning a space mission observing schedule. Therefore, a magnitude limit of K < 9 was implemented. Objects with uncertainties in JHK photometry greater than 0.05 magnitudes were also removed to limit saturated targets within the sample.
Guiding Samples
To help in our various colour and reduced proper motion selections, we identified several guiding samples using existing catalogues. Several M dwarf samples exist in the literature that have been observed spectroscopically and photometrically across many bands. In total, three M dwarf samples were used. One sample was produced by Bochanski et al. (2005) in a spectroscopic survey for cool stars within 100 parsecs of the Sun. These M dwarfs were selected using one optical (R-I) colour cut with no proper motion selection and later confirmed with spectroscopy. Another sample used was the Palomar/MSU (PMSU) spectroscopic survey (Reid, Hawley & Gizis 1997) which is based on M dwarfs that were selected by using parallax measurements. Spectra were obtained of objects found in the Third Catalogue of Nearby Stars (CNS3) (Jahreiß & Gliese 1993) which consists of stars within 25 parsecs of the Sun. The third M dwarf selection was done by Riaz, Gizis & Harvin (2006) and was compiled to find active M dwarfs using X-ray observations from ROSAT. This had limited NIR colour selection and no kinematic bias. By using the combination of all 3 catalogues as guides, it is hoped that we can minimize any kinematic or photometric bias that may be incurred during our selection process. All 3 catalogues were cross-matched with PPMXL with a cone radius of 10 arcseconds and the best matched objects used as comparisons to our sample.
Distant M giants were a major source of potential contamination so a guiding sample of giants was also used from Famaey et al. (2005) . This sample consists of giants with known distances and absolute magnitudes from the Hipparcos catalogue (Perryman et al. 1997) . Though the majority of the sample consists of K giants, there are a significant number of M giants identified that were used below when attempting to remove potential giant contamination. These objects were also cross matched with PPMXL so that all guiding samples had proper motion estimates mapped onto the ICRS.
To supplement the M giant guiding samples, we constructed a photometric selection using colour cuts. Our colour defined giant sample was created using a near infrared (NIR) colour selection from Sharma et al. (2011) which is reproduced here:
This selection was applied to areas of sky avoiding the galactic plane to reduce the number of reddened stars selected. As seen in Figure 1 , these cuts slightly overlap the region of M dwarfs in NIR colour space but the majority of the sample is well separated from the M dwarf region (described in the next section). This overlap illustrates how colour cuts alone don't completely isolate an M dwarf or M giant population.
Colour Selections
The initial colour selection for our sample was done using the 2MASS near-infrared JHK bands. These cuts were made to separate the M dwarfs from M giants as well as to limit K dwarf contamination. The guiding samples were used to define the colour regions where most M dwarfs lie as can be seen in Figure 1 . Our resulting NIR selection criteria for M dwarfs are 
These regions isolate the general area of the M dwarf population. However, PPMXL also provides the photometry from USNO-B1 optical bands for many of its targets. Spectroscopically confirmed M dwarfs in PPMXL combined with K dwarfs from PMSU were used to determine where K dwarfs separate from M dwarfs in the colour space. All of the available colours were plotted against their spectral type and an example is seen in Figure 2 . For the colours where the K dwarfs weren't available, the cut was made on the blue end of the main body of the guiding samples. The following selections are used to isolate M dwarfs.
Applying all of the NIR and optical colour cuts to the existing sample from PMSU removes approximately 88% of the K dwarfs and keeps 95% of the M dwarfs which gives an indication of the amount of K dwarf contamination expected in the final selection of M dwarfs. . Known M dwarfs plotted with PPMXL colours (red triangles) along with known K dwarfs (orange diamonds). The optical cut (vertical black line) was chosen to optimize the inclusion of M dwarfs and to minimize K dwarf contamination by removing all objects bluer than a B-R of 1.3. This process was repeated in all of the available optical pass bands in order to determine the optical colour cuts.
Proper Motion Uncertainty
Objects with high proper motion uncertainties were removed using the relationship . This shows PPMXL K<9 objects across the sky. Regions where we detected an over density of red stars were removed. This roughly corresponded to areas of sky with a density above 45 stars per square degree. The majority of the regions cut can be defined by simply removing anything within 15 degrees of the galactic plane. Slightly higher galactic latitude regions near the galactic center where the density of stars was high (notably around a galactic longitude of 150-200) were also removed where there was an overdensity of very red objects.
where µ is the total measured proper motion of the object and σ is the listed uncertainty. Doing this removed any objects which had uncertainties that were a significant fraction of their total proper motions. This obviously tended to remove objects that had very low proper motions (µ < 15mas) or non-moving objects and helped to minimize giant contamination.
Galactic Plane Removal
Due to overcrowding and dust, stars within the plane of the Milky Way can often have unreliable colours and proper motions. These objects were avoided by removing regions within the galactic plane that had a high density of stars and dust. These regions can be seen in Figure 3 . After the initial K<9 cut, regions were removed where there was visible crowding or where there was an over density of red stars.
Reduced Proper Motion Selection
When distance to an object is not known, the reduced proper motion, H, can be used as a proxy for absolute magnitude. H is defined as
where m is the observed magnitude and µ is the proper motion in arcseconds/year. This can also be used to separate different kinematic populations between the disk and halo but the primary use within this work is to separate the dwarfs from the giants within our sample. Because our brightness limit is defined using K magnitudes, we chose to use this band to determine our reduced proper motion cuts.
Since the reduced proper motion is analogous to absolute magnitude, plotting H along with a colour index provides us with a pseudo-equivalent of an Hertzsprung-Russell diagram where the brighter giant branch is separated vertically from the fainter red dwarfs. We use this, along with the giant and M dwarf guide samples (discussed in section 2.3), as a way of identifying the different populations within our sample. We were able to take advantage of PPMXL's wide range of colour space to precisely explore the completeness of the chosen H cut and this is illustrated Figure 4 . These plots show the PPMXL objects that remain after the NIR and optical colour cuts as blue diamonds. The high proper motion (µ >150 mas/year) stars are plotted separately as filled in diamonds while those with µ <150 mas/year as empty diamonds. Giants from our guiding samples are plotted as red squares and magenta crosses. We can see a clear vertical separation between the giant populations and the majority of the our objects. The high proper motion objects extend in a clear manner down to an HK = 6.0. M dwarf candidates below HK = 6.0 begin to become mixed with the two giant populations and over densities in the PPMXL objects can be seen in the bluer regions of the B-R and V-J plots around an HK of 5.8. After these considerations, objects with HK 6.0 were chosen to best optimize giant removal and dwarf selection. This cut removed 293 objects.
To examine the completeness resulting from our reduced proper motion cut, we applied the same cut to our guiding samples as well. The results of this can be seen in Table 1 . The Bochanski and PMSU M dwarfs only lose about 4% of their objects after this cut. Both catalogues are proper motion independent and target stars using an optical colour cut so a similar completeness level between the two is to be expected. However, almost 20% are lost from the Riaz M dwarfs. This is not surprising since the Riaz M dwarfs were selected primarily due to X-Ray activity and therefore have no lower proper motion cut off in their selection. Because of this, many of its targets have proper motions that lie well below the threshold of our reduced proper motion cut. From this, an incompleteness between 4 -20% is a reasonable estimate for our selection methods. Encouragingly, 98% of our example giant star population is rejected using this reduced proper motion cut.
An H k 6.0 cut corresponds to a lower proper motion limit for the faintest objects of 25 mas/yr. This allows us to probe down below the LG11 limit of 40 mas/yr for for targets fainter than K = 8.0. Figure 4 . Reduced proper motion vs the multiple colour indices available for the M dwarf candidates. The lines show the reduced proper motion cut used to remove the M giants from the sample. High proper motion candidates (HPM) with µ >150 mas/year from PPMXL have been plotted separately to better show the region where M dwarfs can be expected to lie since these objects are less likely to be mistaken for giants. Known giants have been taken from the samples described in Section 2.3 to illustrate where giants can be found. The Famaey giants did not have I magnitudes available so for the colours where I magnitude was needed, giants were defined using colour cuts from Sharma et al. A reduced proper motion cut of H k 6 was found to be high enough to safely remove objects that were likely to be giants and still low enough to include many low proper motion M dwarfs that were previously unclassified.
Tycho-2
For completeness, we have used the Tycho-2 catalogue (Høg et al. 2000) to augment our existing PPMXL sample. The above NIR colour cuts were applied to 2MASS objects that shared a Tycho-2 detection and the reduced proper motion cut applied using proper motions from Tycho-2. The resulting objects were crossmatched with PPMXL using a 5 arcsec radius and the other cuts were applied. Many of the resulting objects were already included in the sample from PPMXL, however 93 of the objects were found to be unique and were added to the total catalogue. 
FINAL SAMPLE
After application of all the above cuts, 4054 bright M dwarf candidates remain. In Table 2 , we list the number of M dwarf candidates that remain across different K band magnitude ranges. Many of these candidates fall into the same parameter space as LG11 so we have also listed objects from their catalogue. A cross match was done between the two at a separation of 5 arcseconds and 2861 of the candidates were found to be shared. The common object's are also included in Tabel 2 for comparison. The two catalogues targeted slightly different magnitude ranges (K<9 and J<10 for this work and LG11 respectively) so to facilitate a comparison between this work and the LG11 sample we have applied two simple cuts to the catalogue of LG11. We only select objects with K<9 and reject objects from the region of the galactic plane not included in our selection. In this way, we can focus on the main differences between the two catalogues: colour selection, reduced proper motion selection, and using PPMXL or SUPERBLINK for the proper motion measurements. As seen in Figures 6 and 7 , this work's sample is able to identify M dwarf candidates down to a lower proper motion whereas LG11 does better at higher proper motions. This is expected, however, because PPMXL objects are cross matched between USNO-B1 and 2MASS with a cone radius of 2 arcseconds whereas the SUPERBLINK comparisons can be as large as 1.5 arcminuts. This difference gives SUPERBLINK greater sensitivity to objects with higher proper motions. Figure 5 show's this work and LG11 in NIR colour space. This shows that many of the objects in LG11 lie in a region that is bluer than the scope of this work and thus includes stars of earlier spectral types.
A machine readable file has been created containing all of the M dwarfs in this work as well as those that were found to be unique to LG11 in the K < 9 magnitude range. This file is thus the most complete sample in the K < 9 brightness range currently available. An example of entries in the catalogue can be seen in Table 3 .
LOW RESOLUTION SPECTROSCOPY
Observations
Spectra were taken for a group of objects to give an indication of how effective the selection process weeded out giant contamination and to gain statistics on spectral type, temperature and metalicity of the M dwarf candidates. Candidates were chosen solely based on whether they had obser- Figure 6 . Histogram showing the proper motion distribution of the objects that were unique to each sample. The LG11 has had the same galactic plane cut as this work and a magnitude cut of K< 9 to better compare the selection methods.
LG11 is better on the high proper motion end whereas this work does slightly better at the low proper motion objects.
vationally favourable locations on the sky at the time and place of the observations. One set of low resolution spectra were obtained using the Telescopio Nazionale Galileo (TNG) telescope on La Palma, Spain in May 2011. These spectra were taken using the Device Optimized for the LOw RESolution (DOLORES) instrument using the LR-R grism. The resolution of these spectra was approximately R∼700. Flux and wavelength calibration was performed using spectrophotometric standard stars and the Ne+Hg standard lamps. The reduction process was carried out using IRAF routines. Flats were median combined, bias subtracted, trimmed to remove any edge effects, and applied to the object images. The spectra were extracted using IRAF.APALL which identified the apertures as well as calculated and subtracted the background. The spectra of the spectrophotometric standard stars were used Table 3 . Example of final bright M dwarf catalogue. This table is available in its entirety in machine readable format in the online journal.
a JHK magnitudes taken from 2MASS (mean uncertainty ∼0.02). b B and R magnitudes taken from USNO-B1 (mean uncertainty ∼0.3 magnitudes).
c Flag identifying origin of proper motion information(1:PPMXL, 2:SUPERBLINK, 3:Tycho-2). with the package IRAF.TELLURIC to determine the wavelength shift and scaling needed to account for the telluric lines in the atmosphere.
Spectra were also collected in September 2011 from Ritchey-Chretien Focus Spectro-graph at the 4-m telescope in Kitt Peak, Arizona (KPNO) using the BL-181 grism. The standard IRAF routines were also used for sky subtraction, wavelength and flux calibration employing the use of ThAr lamps and spectrophotometric standards. After calibration and trimming, both sets of spectra cover a wavelength range of 6000-8000Å. The KPNO spectra had a resolution of R∼1000.
Analysis
An initial spectral type was determined by comparing each of the observed spectra to that of known M dwarf standards from Kirkpatrick, Henry & McCarthy (1991) as well as M giant spectra from Garcia (1989) . The standard spectra included K7-M9 dwarfs and K4-M4.5 giants. The observed spectra were normalized using the mean value between 7450 and 7550Å. The comparison standard stars were linearly interpolated so their resolution matched that of the observed spectra and normalized using the same region. A least squares minimization was then performed to find the standard spectra that was the best fit to the observed spectra. As well as providing a preliminary spectral type, this also provided an initial temperature estimate for later model fitting.
Further refinement of spectral type and determination of whether the objects were giants was made by using the calcium hydride (CaH3) and titanium oxide (TiO) molecular bands. The CaH3 (6960-6990Å) region has been shown to display weaker absorption in giants than in dwarfs (Allen & Strom 1995) and the full depth of the TiO5 (7126-7135Å) feature has been shown to also be a good indication of spectral types for early M dwarfs (Kirkpatrick et al. 1993; Reid, Hawley & Gizis 1997) .
Since the CaH3 region is sensitive to gravity, when plotted together with the TiO5 bandstrenghth, any giants should stand out as clear outliers. Figure 10 shows the observed spectra in such a plot along with CaH3/TiO5 measurements taken of the M standards interpolated to the same resolution. The M dwarf and M giant standards show a vertical separation as expected with our observed spectra falling in the region consistent with M and K dwarfs. Though this analysis only covers a small selection of objects within our sample, it is still encouraging that no giants were detected.
We used the relationship between the TiO band strength and spectral type, derived by Ried et al, as an independent check of our own best fit spectral types. Ried et al found this linear relationship to be Sp = −10.775 × T iO5 + 8.2
Our spectral type fits agreed to within 0.5 spectral types of our least squares fit which is the stated uncertainty found by Ried et al with the above relationship. The resulting spectral types can be found in Table 4 and all of the observed spectra along with the M dwarf standard spectra used can be seen in Figures 8 and 9 .
Using the initial temperature estimations found in the 6400 6600 6800 7000 7200 7400 7600 7800 8000 0 spectral template least square fits above, a grid of synthetic spectra were generated using local thermal equilibrium models from the NextGen code of Hauschildt et al. (1999) by the program WITA6 (Pavlenko 1997) . Opacity line lists for TiO were taken from Plez (1998) and other opacity sources are cited in Pavlenko et al. (2006) . A range of effective temperatures, metallicities, and gravities were generated at increments of 100 K, 0.5 dex, and 0.5 log g. The synthetic spectra were created for 2600 K< T < 4600 K, 4.0 < log g < 5.5, −0.5 < [Fe/H] < 0.5. We used the fitting procedure described in and Jones et al. (2002) across 6000 -8000Å. Only effective temperature's were iterated for the initial fit. Metallicities and gravities were fixed such that [Fe/H] = 0.0 and a log g = 5.0. After the best fit for temperature was determined, [Fe/H] and log g were iterated until the fitting parameter was minimized. The results from the fits can be seen in Table 4 .
SUMMARY AND FUTURE WORK
This work has classified 4054 M dwarfs with magnitudes of K< 9 from the PPMXL catalogue. By probing down to lower proper motions, this work has produced 1193 new bright M dwarf candidates that were not included in previous catalogues. By combining these objects with M dwarfs from LG11, we present a catalogue with 8479 K<9 late K and M dwarfs for future transit studies.
Good progress in transit discovery can be made by targeting this expansive M dwarf catalogue for low and high resolution spectroscopy. Low resolution spectra will confirm the cool dwarf nature and high resolutions spectra will provide constraints on inclination angles of potential transiting planetary systems using the method outlined in Herrero et al. (2012) . Such observations would allow prioritization of bright M dwarfs for light curve follow-up and transit searches.
Target lists can then be expanded or refined for facilities such as Mearth (Charbonneau et al. 2008) , Apache (Sozzetti et al. 2013) , and LCOGTN (Brown et al. 2013) 
